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|_- SUMMARY

This report describes the test results obtained in the
Task | portion of this program which involved an evaluation of
the short-term tensile and low-cycle fatigue behavior of Narloy Z.
This copper-base alloy was developed by North American Rockwell
and was furnished as centrifugally-cast, hot rotled, solution-
annealed and aged plate material. Hourglass-shaped specimens
were employed in tests which were performed in air at room temp-
erature and in high purity argon (oxygen level below 0.01 percent
by volume) when elevated temperatures were involved.

Duplicate tensile tests were performed at room tempera-
ture, 482°, 5?8o and 593° using 2 nominal axial strain rate of
2 x 10-3 sec~!. in addition, tests were perform?d at 5389C using
axial strain rates of & x 104 and | x 10°2 sec~ .These test
results indicated room tempgratur? ultimate and yield Etrengths
at a strain rate of 2 x 10°3 sec™! of 315 and 200 MN/m regpectively
and a gradual decrease -in these values to 120 and 105 MN/m? as the
temperature increased to 593°C. Reduction in area values at this
same strain rate remained constant at about 50% over the range
from room temperature to 593°C except for a minimum ductility point
at 5380C when the reduction in area value of 42 percent was obtained,
Strain rate was observed to have a very significant effect on the
ductility at 5389C as the reduction in area Kalues increased from
about 34 percent at a strain rate of 4 x 10 sec! to 5 percent
at a strain rate of | x 10-2 sec”™ !, In this same strain rate
regime very little effect was noted on the yield strength while a
20 percent increase in ul&imate strength was indicated as the strain
rate increased to | x 10°¢ sec~!,

A series of jow-cycle fatigye tests was performed at 538°C
using a strain rate of 2 x 10"3 sec”! to define the fatigue 1ife

over the range of 100 to 3000 cycles. This required a strain range
regime from about 3.5 percent to 0.7 percent. Additional tests

were then performed at selected strain ranges of 0,90 ﬁnd 2.6% to
evaluate the fatigue life at strain rates from 4 x 10~ to 5,2 x 10°2
sec-l. These data identified a definite strain rate effect on

fatigue life and one that exhibited a trend toward saturation at

both the low and high values of strain rate.

A limited study of the effect of temperature on the fatigue
life of the R-24 alloy was performed at_gtrain ranges of 0.90 and
2.6 percent using 2 strain rate of 2x10™° sec™!. These tests
indicated léttle to no effect of temperature over the range from
482° to 593“C when the strain range was 2.6 percent but a very
definite temperature effect over; this same temperature range when
the strain range was 0.90 percent.

A hold period duration of 300 seconds was empioyed in an
evaluation of hold-time effects at $38°C for strain ranges of 0,90
and 2.6 percent. Hold periods in tension were found to be very



detrimental and led to noticeable decreases in fatigue life par-
ticularly at the lower strain range, Hold periods in compression
were not found to be detrimental but rather seemed to increase
the fatigue life to values slightly greater than those observed
in the continuously cycling tests.

Relaxation data are reported for each test. A cycle
near half-life was selected and a relaxation curve for this cycle
is presented to provide a comparison of the observed relaxation
behavior.



Il - INTRODUCTION

Regeneratively~-cooled, reusable-rocket nozzle liners
such as found in the engines of the Space Shuttle, Orbit-to-Orbit
Shuttle, Space Tug, etc., undergo a severe thermal strain cycle
during each firing. To withstand the severe cycles, the liner
material must have a proper combination of high thermal conduc-
tivity and high low-cycle fatigue resistance. Copper-base alloys
possess these desirable qualities and were thusly chosen for this
program. A broad-based NASA-Lewis/MAR-TEST program has been
instituted to evaluate several candidate alloys by generating
the material property data that are required for the design and
life prediction of rocket nozzle liners. This report deals al-
most exclusively with the tensile and high-temperature, low-
cycle fatigue behavior of one copper-base alloy, NARloy Z. This
alloy was developed by North American Rockwell for use as a
rocket nozzle liner material and was evaluated in this program
in the hot-rolled, solution annealed and aged condition. Speci-
men blank material was supplied in the form of a 25 c¢cm x 23 cm x

cm plate and for this program this material was given the code
designation R-24,

The material property evaluations specified for this

Task | effort were as follows: o

1) duplicate tensile tests at room temperature, 482 , 538°
and ?93° using a nominal axial strain rate of 2 x 10-3
sec™V;

2) duplicate tensile tests at 538°C using nominal axial
strain rates of 4 x 10-% and 1 x 10-2 sec”};

3) six completely reversed, axial strain controlted low-
cycle fatigue tests at 538°C using an axial strain rate
of 2 x 10=3 sec-! to define the fatigue life over the

ran?e from 100 to 3000 cycles;

4) duplicate low-cyﬁle fatigue tests at 538°C usipg strain
rates of & x 10=%, 1 x 10°2 and 6,2 x 10-2sec”! at strain
ranges corresponding to fatigue life values of 200 and
2000 cycles as determined in (3) above;

5) single low-cycle fatigue tests at 4829 and 5939C using
an axial strain rate of 2 x 10°3 sec~! at strain ranges
corresponding to fatigue life values of 200 and 2000 cycles
as determined in (3) above;

and 6) duplicate low-cycle fatigue §ests at 538°C at a nominal

axial strain rate of 2 x 103 sec~) with a hold period of
300 seconds at peak tensile strain only and with a hold
period of 300 seconds at peak compression strain only;
the strain ranges employed should correspond to fatigue
life values of 200 and 2000 cycles based on the continu-
ous strain cycling evaluations in (3) above.

In these evaluations the room temperature tests were performed in

air while all the elevated temperature tests were performed in

high purity argon in which the oxygen level was maintained below

0.01 percent by volume.
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All the tensile and fatigue tests were performed using
hourglass-shaped specimens. A servo-controlled,hydraulically
actuated fatigue testing machine was used in all these evaluations
and the threaded test specimens were mounted in the holding
fixtures of the test machine using special threaded adaptors.For
the environmental (argon) tests a specially constructed pyrex
containment vessel was positioned between the holding fixtures
of the fatigue machine and neoprene low-force bellows at either
end provided the seal to enable the desired gas purity levels
to be maintained throughout the test. Slide outlets{with appro-
priate seals) on this containment vessel provided entrance ports
to accommodate the extensometer arms and similar side outlets
provided entrance ports for the copper tubing leads to the
induction coil. in addition,special ports near the bottom of
the containment vessel enabled the thermocouples,used for specimen
temperature measurement,to be routed out to the temperature
control system.Specimen test temperatures were attained using
induction heating and this was provided by positioning a specially
designed induction coil around the test specimen(see Figure 1).

A}l force measurements were made using a load cell
mounted within the loading train of the fatigue machine and
specimen strains were measured by a specially designed, high
temperature diametral extensometer. A special test procedure
was developed to allow the short-term tensile tests to be per-
formed at a constant strain rate which was malntained throughout
the test. In the fatigue tests an analog strain computer was
employed which allowed the diametral strain signal to be used in
conjunction with the load signal so as to provide an instantan-
eoui ;?Iue for the axial strain which was then the controlled
variable.
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i1l - MATERIAL AND SPECIMENS

Specimen material for use in this portion of the pro-
gram was supplied by NASA-lLewis Research Center, Cleveland, Ohio.
This material was the copper-base Narloy-Z alloy (designated R-24)
developed by North American Rockwell and was furnished in the
centrifugally cast form and had been hot-rolled, solution annealed
and aged, Material was furnished in the form of plate stock
25 cm x 23 cm x 4 cm,

Using the specimen design shown in Figure 2, 48 speci-
men were fabricated from the R-24 plate., Forty two (42) of
these were for use in the short-term tensile and fatigue evalua-
tions while the remaining 6 specimens were retained as spares,

After being machined, a!l specimens were wrapped in soft
tissue paper and placed in individual hard ptastic cylinders (about
9 cm in length and 2.2 cm inside diameter). The ends of these
cylinders were then sealed with masking tape and the specimen code
number was written on the external surface of the cylinder. These
cylinders were used for storage before and after test,

In preparing for a test each specimen was subjected to
the following:

1) a small longitudinal notch was filed in the threaded
sections of the specimen; this was designed te aid in
the removal of entrapped air from the threaded area
after the specimen was inserted in the adaptors (see
below for specimen-adaptor assembly);

2) the specimen was washed with Freon to remove any surface
oils which might have remained after machining;

3) a small quantity of dilute phosphoric acid was applied
by hand to the complete surface of the specimen; this
removed any surface oxides and any machining oil not
removed by the cleaning with Freon; this operation was
completed within 15 seconds;

k) the specimen was rinsed in warm water and dried using
soft absorbent tissue;

5) Ehe specimen was then subjected to a final cleaning with

reon.
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IV - TEST EQUIPMENT

A closed-loop, servo-controlled, hydraulically-
actuated fatigue machine (see Figure 3) was employed in this pro-
gram. This machine was equipped with the necessary recorders to
provide continuous readouts of the desired test information.

A block diagram of the type of test machine used
is presented in Figure 4. The programmer is a precision solid-
state device capable of Furnishing alt of the required waveform
signals necessary to provide the strain or stress values demanded
in the test. This signal is compared in the summing network with
the strain or stress values actually present at the specimen at
any instant of time. Any deviation from the required parameter
is sensed by the servo-controller which supplies a correction
current signal to the servo-valve which provides the correct
hydraulic flow and pressure to the hydraulic actuator. The
actuator in turn imparts the necessary displacement and force
through the load cell to the specimen, The diametral displace-
ment of the specimen in the gage section is sensed by the exten-
someter and the motion is imparted to the LVDT (Linear variable
displacement transducer) which supplies an electrical signal to
the analog computer. The analog computer accepts the instantan-
eous diametral strain and axial force signals and operates upon
them to provide signals representing all of the strain and stress
components of interest. Any one of these can be selected for
comparison with the programmer signal.

Manufacturer and nomenclature of the various com-
ponents of the fatigue machines are as follows:
Programmer - designed and built by Mar-Test Inc.
Servo-controller - designed and built by Mar-Test Inc.
Actuator - Universal Fluid Dynamics, Type MDFS5-H-BR
Servo-valve - Moog, Model 76-101} .
Hydraulic System - Racine, Model PSV-$50-20GRS
Load Cel] - Strainsert, Mode! FFLISU-2SP (K)
induct ion Generator - Lepel, Model T-2, 5-1-KC-J-BW
Extensometer - designed and built by Mar-Test Inc,
to measure diametral strain
LVDT - ATC, Model 6234A05801XX

[ L 2
LI )

— oW OOV W
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Each fatigue machine consists of a sturdy three-
column support system connecting two fixed, horiZontal platens.

Analog Strain Computer - designed and built by Mar-Test Inc.
0a rame an ixtures - designed and built by Mar-Test Inc,

A movable platen operates between the fixed platens and is hydraul-

ically actuated to provide the desired cyclic motion. The movable

platen contains three close-tolerance bushings which slide on the
chrome-plated support columns to impart extreme rigidity and pre-
cise alignment to the system.

The diametral strain at the minimum diameter point
of the specimen is measured using a specially constructed dia-
metral extensometer. This device was fabricated from low thermal
expansion materials (quartz and invar} to minimize the effects




3 Fatigue Laboratory at Mar-Test Inc.
Showing Three High Temperature Fatigue
Machines.
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of room temperature changes on extensometer output. Each exten-
someter is calibrated prior to use by employing a special cali-
bration fixture. Each device is supported horizontally (that is,
in the actual use position) with the extensometer knife edges
touching a 0,25 inch diameter split pin. One of the pin halves
is fixed and the other is displaced horizontally to simulate a
diameter increase. This motion is controlled by the rotation of
the barrel of a special micrometer (calibrated against NBS stand-
ard). In this way the extensometer is calibrated to within 10
microinches. With this type of calibration and a knowledge of
the stability and accuracy of the electronic components of the
system a reasonable estimate of the accuracy of the strain con-
trol system is 60 microinches per inch in terms of axial strain
range.

Before any tests are made each load cell is cali-
brated in position by placing a calibrated (NBS) Ring-Force Gauge
(Morehouse Instrument Co., Model 5 BT, 5000 lbs capacity with an
accuracy to 0.2 percent) in the specimen position in the load
train. As the actuator is caused to apply a load the output of
the load cell is plotted against the load indicated by the cali-
brated Ring-Force Gauge. This calibration is performed at fre-
quent intervals to insure accurate stress measurements dur ing
the testing program.

Each fatigue machine has its own control console
which functions to supply the very precise control features
which are so essential to the performance of meaningful fatigue
tests. In addition to housing the temperature controller and an
elapsed time indicator each control console contains:

a) a calibration panel which also provides means for auto-
matic or manual control of the hydraulic solenoid and
power for auxiliary equipment such as the induction
generator and recorders;

b) a programmer which provides the required demand signal
waveform for the test;

¢) an analog strain computer which generates the load and
strain components for recording and control purposes;

d) a servo-controller which compares the programmer supplied
demand signal and the computer supplied feedback signal
and generates the proper control current for the servo-
valve; a meter relay circuit operates in conjunction
with the servo-controller to provide the means for
shutting down the system when the specimen fails.

One of the important precautionary features of the
Mar-Test fatigue machines is the incorporation of a manually
operated by-pass valve across the hydraulic actuator. With this
valve open the test specimen cannot be exposed to any inadvertent
load transients during start-up. The hydraulic solenoid vaive
can be energized with this valve open and the load transients
frequently encountered in test start-up can be eliminated. Once



the solenoid valve is opened the by-pass valve can be closed
slowly to bring the system under control. During this operation

12.

the load trace is monitored so that a smooth transfer is effected-

and all load transients are el iminated.
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V - TEST PROCEDURES

A. Low-Cycle Fatique

The closed-loop, servo-controlled low-cycle fatigue
machine employed in this study was fitted with a specially con-
structed containment vessel to allow testing in a protective
environment. This cylindrical chamber was fabricated from
9-cm diameter pyrex tubing and was inserted between the hold-
ing fixtures. This small-volume enclosure (about 500 cm3) facil-
itated system purging and allowed the desired protective gas
purity levels to be maintained. Neoprene low-force bellows
at the top and bottom connected the chamber to the holding fix~
tures and permitted the normal longitudinal motion of the spec-
imen during cyclic loading. Side-arms on the pyrex containment
vessel provided access for the extensometer arms and a special
flexible joint provided an effective seal without influencing
the strain measurement. Similar side-arms provided access for
the copper tubing leads for the induction coil. In addition,
ports were provided near the lower platen so that the thermo-
couple leads could be routed from within the enclosure to the
temperature control system, Specimen heating was effected by
means of a specially wound induction coil which was positioned
to enclose the test specimen (see Figure 1),

All the low-cycle fatigue tests in this program were
performed using the specimen configuration shown in Figure 2,
Such specimens were held in specially designed threaded adaptors
to provide an integral assembly that allowed the adaptor to be
heated inductively along with the specimen itself. Large mating
surfaces were provided between the specimen and the adaptors to
minimize the temperature gradient between them. This approach
proved to be quite successful and test temperatures to 5930C
(1100°F) were achieved quite readily, It was also shown that a
very flat longitudinal temperature profile was obtained.

Test temperatures were measured using a chromel-alumel
thermocouple clamped tightly against the specimen in the region
where the contoured portion of the specimen meets the threaded
portion. This approach was found to be very reliable and very

easy to apply.

Because of the temperature uniformity in the specimen-
adaptor assembly a special precaution must be taken to avoid
failure in the threaded portion of the specimen. This involves
the provision of a large specimen diameter in the grip region
compared to the diameter at the specimen midpoint. This was also
sufficient to avoid plastic deformation at the specimen-adaptor
contact point and therefore to prevent backlash and alignment
changes during strain cycling.

A fully instrumented test specimen-adaptor assembly
was mounted in the holding fixture of the fatigue machine using
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a split collet type of assembly and a special leveling device
was employed to assure that the specimen was installed perpendi-
cular to the platens. A flat load cell (see previous section)
in series with the specimen was used to measure the load appl ied
to the specimen throughout the test.

Once the specimen was installed within the containment
vessel the system was purged using a high flow rate of high
purity argon (see below for inert gas specifications) for 30
minutes. This established the desired purity level within the
test chamber. The inert gas flow rate was then lowered to a
few cm3/min and maintained at this level throughout the test.

Before any tests were initiated the analog strain
computer was calibrated by making use of the specimen cross-
sectional area (A) and the value for Young's modulus (E) at
the intended test temperature. Modulus values for the two
alloys tested were determined in separate tests. The values of
A and £ were used as shown In the block diagram in Figure 5 to
generate axial strain values corresponding to measured values
of diametral strain and force. This diagram provides an aid to
an understanding of the computer calibration procedure which is
based on using the values of A and E and adjusting the compliance
control to establish the following equality:

AEF = F/&

Prior to heating a specimen to the desired test tempeea-
ture the system was placed in force control. This automatically
kept the force at zero by gradually lowering the movable platen
to account for the thermal expansion of the specimen as the temp-
erature was increased. When test temperature was obtained the
analog strain computer was employed to yield a value for Poisson’'s
ratio. The specimen was cycled elastically so that the actuail
plastic strain, AE&p was zero and the value of Poisson's ratio
could be obtained by the ratio of the diametral to axial strain;
thus:

- £y

“e

])ez

The Ve control on the computer was then adjusted to force the
computer value of AL, to zero. At this point the above rela-
tions were satisfied and the correct value of 3} was indicated
on a potent iometer turns-counting dial on the computer panel

(the value for Poisson's ratio, plastic, was set internally to
0.5 in accordance with constant volume deformation conditions
asssociated with plastic deformation). At this point the computer
was calibrated and furnished a correct axial strain signal for
recording and control purposes.
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With the computer calibration complete the test was
ready to begin. Two recorders were connected to the console,
one to monitor load and the other to monitor the total axial
strain. The system was placed in automatic control and the strain
was gradually increased to the desired level, This gradual in-
crease to the desired strain level requires 5 or 6 cycles and
avoids specimen damage due to '"overshooting" the strain range
which can occur if an attempt is made to impose the desired
strain level on the first loading cycle. When the desired strain
range was reached the test conditions were kept constant until
fracture occurred. Hysteresis loops were recorded on an x-y re-
corder during the first few cycles and at frequent intervals
thereafter. |In addition, a continuous recording was made of
the applied load and the associated plastic strain. Wwhen the
specimen fractured, the shut-down circuit automatically de-ener-
gized the entire testing system including the induction genera-
tor, the hydraulic ram, the timing device and the recorders.
However, the protective environment system remained functional
until the specimen cooled to room temperature.

High purity (quaranteed 99.999% purity or better) argon
gas with 1000 ppm of hydrogen added was employed as the protec-
tive environment for the elevated temperature tests. This same
environment was employed in the previous elevated temperature
evaluations (see NASA CR-121260 and CR-121261) of copper-base
alloys and proved to provide satisfactory results for all the
high temperature tests performed in this program.

B. Short-Term Tensile

Measurements of short-term tensile behavior were made
using the same hydraul ically-actuated, servo-controlled fatique
machines employed in the low-cycle fatigue evaluations. Further-~
more, the same specimen design was employed and the specimen pre-
paration, test environment, installation and instrumentation pro-
cedures were identical to those employed in the fatigue tests,
These short-term tensile tests were performed using a diametral
extensometer and the true diametral strain rate was kept constant
at the specified value (the corresponding axial strain rate was
about twice this value).

For each test a strip chart recording was made of the
measured diametral strain as a function of time and, in addition,
an x-y recording was made of the load versus diametral strain.
These traces provide test information from the instant of load
application all the way to fracture.
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Vi - TEST RESULTS AND DISCUSSION OF RESULTS
A) Short-Term Tensile

Short-term tensile tests of the R-24 alloy were performed
in duplicate at room temperature, 4820, 5380 and 5930 using an
axial strain rate of 2 x 10~3 sec”!. In addition, duplicate tests
were performed at 538°C using strain rates of | x 107¢ and b x 10-b
sec-!. The room temperature tests were performed in air while all
the elevated temperature tests were performed in high purity argon.

A summary of the test results obtained in these short-
term tensile evaluations is presented in Table 1. A plot of the
effect of temperature on tensile properties is presented in Figure 6.
The behavior pattern for ultimate and yield strength follows that
exhibited by the zirconium-copper alloys (R-2 and R-20) studied
previously (see NASA CR-121261). In terms of ultimate tensile
strength the behavior of the R-24 alloy is essentially identical
to that of the R-20 alloy but noticeably less than that of the R-2
alloy, all tested at the same strain rate. In terms of room temp-
erature yield strength the value for the R-24 alloy is much lower
than that exhibited by the R-2 and R-20 compositions; in the ele-
vated temperature regime the yield behavior of the R-24 alloy is
essentially the same as that of the R-20 composition but still much
below that of the R-2 alloy.

A minimum ductility point appears to be indicated in the
R-24 results at a strain rate of 2 x 10-3 sec~1, These reduction
in area values of 40 to 50% are much lower than the 80 to 90%
values obtained for the R-2 and R-20 compositions tested at the
same temperatures and strain rates.

~ An illustration of the effect of strain rate on the
tensile properties of the R-24 alloy is shown in Figure 7. The
most si?nificant effect is the noticeable increase in reduction in
area values as the strain rate is Increased.

B) Low-Cycle Fatigue

1) Continuous Cycling Behavior at 538°C and a Strain_ Rate of

2 x 10-3 sec-!

A series of low-cycle fatigue tests of the R-24 alloy
was performed at 538°C in high purity argon using a strain rate of
2 x 10-3 sec~!. A summary of the results obtained in these tests
is presented in Table 2. In addition to reporting the number of
cycles to failure the value for N? (the number of cycles correspond-
ing to a 5% reduction in tensile oad from the steady state value)
is also included, ODue to the continual cyclic softening (after a
slight hardening in the first few cycles) that was exhibited in
these tests (see Figure 8a), no stable or steady state load level
was attained for use as a basis for the Ng determination. For
this reason the N5 value had to be selected in a different fashion.
An analysis of the load versus cycles record obtained in each test



Table 1 - Short-Term Tensile Properties of R-24 (Narloy Z) Alloy Measured in Argon

(Room Temperature Tests Were Performed in Air),

Dismetral Extensometer

Hourglass-Shaped Specimens

0.2% Offset Ultimate Reduction

Temp., Strain Rate, Yield Strength, ggﬁzilzh Aiga

Spec. Yo. o¢ sec™! M /2 MN/m5 ’ |
R-2l1 RT 2 x 1073 196.5 316.5 51
Rw2lp-2 RT 2 x 1073 200 315.8 51
Ra2i-3 82 " 149.6 182 50
-2l 482 " 148 177 48
R-2ly-5 538 I 131 153 4
R-2l=6 538 " 120 - 152.4 2
Ree2ly=7 593 " 102.7 114.5 48
R=24-8 593 " 110.3 121.h T
R-2l4-9 538 1 x 1072 130.3 163.4 51
R-2l-10 538 1 x 1072 132.4 168.9 51
R=2l-11 538 W x 1074 122 13h.4 36
R-2l-12 538 Ly x 1074 12l 13l 33

L oY
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Table 2-

of 2 x 10'3 sec'l.

Low-Cycle Fatigue Test iesults Obtained in Argon at 538°C Using a Strain Rate

3-2l Series
Narloy 2 (cent. cast, hot-rolled, solution
ennealed and aged) :

Axial Strain Control
4 = ratio of infinity

. 98.6 x 109N /m°

Total Stress at Noy/2
Spec. |[Poisson's| Strain | Freq. |Range Ne Ng,cycles
Range, at A
No. Ratio - {Start, Ag}“ g‘-’-' A0 Cyeles to (see text for
% cpm MN /m % % MN /m Failure definition)
Re2}-13 0.345 1.0 6 272 0.752 |0.248 | 245 1,169 1140
R-24=1l 1 0.335 2.0 3 300 1.717 [ 0.283 | 279 331 274
R=2l~15 0.335 1.2 s 283 0,98 | 0.252 | 248 1,126 926
R-2li=16 0.34 0.7 8.57 265 0.476 |0.22, | 220 3,601 3000
R=2l-17 0.3 3.5 1.714 | 307 3.203 ] 0.297 | 293 99 87
R-2)-18 0.34 2.5 2.4 300 2.22 [0.280 | 276 253 220
3-2&-19 0.3 0.85 7.06 269 0.62 |0.23 228 2469 2000
Noteg all specimens exhibited a slight |[initial|cyclic hardenifg followed By cyclic soften-
ing

A
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identified a regime within which the tensile load decreased linearly
with the number of cycles. At a certain point (designated N* in
this analysis) the load begins to decrease at a rate greater than
that noted in the linear regime. The load at the N point was then
noted and Ng was selected as the number of cycles at which the ten-
sile load attained a value which was 5X lower than the tensile load
at the N~ point.

A logarithmic plot of the strain ran?e versus Nf and Nﬁ
for the R-24 alloy is shown in Figure 8b., It will be noted that the
N5 values are consistently about 0.82 of the Nf values over the
entire strain range regime studied, A similar plot would be obtained
if the N* values were employed for it was noted that the ratio of N*
to Ng was always about 0.90,

In another analysis of these tests the hysteresis loops
were employed to provide an indication of crack initiation. For
this type of cycling the presence of a crack leads to the forma-
tion of a cusp near the compression tip of the hysteresis loop.

This behavior is illustrated in Figure 9 using two hysteresis loops
from the test of Spec. R-24-17, While the cusp is well-developed in
this illustration the very first indication of a point of inflec-
tion in the compression portion of the hysteresis loop can be

assumed to represent the crack initiation point, N;j. When this
interpretation was employed the points shown in Figure 8b were ob-
tained to indicate that the N; point occurs just slightly before
half-1ife over the entire strain range regime employed in these tests.

A plot of the elastic and plastic strain ranges versus Nf
for the data presented in Table 2 is shown in Fi?ure 10, The ‘
linearities defined in this plot correspond to slopes of -0.09 and
~0.60 for the elastic and plastic strain ranges respectively.

2) Strain-Rate Effects at 5389C

The effect of strain rate on the low-cycle fatigue be-
havior of the R-24 alloy at 53B8°C was studied using strain rates of
b x 104, | x 10-2 and 5.2 x 102 sec-). A summary of the test
results is shown in Tables 3 and 4 and the fatigue life is plotted
as a function of strain range in Figure 11, A comparison of these
data with similar results obtained for the R-24 alloy at a strain
rate of 2 x 10-3 sec~! (see Figure 8b)indicates a definite increase
in the fatigue life as the strain rate is increased. A plot de-
fining the effect of strain rate on the fatique life of the R-24
alloy at strain ranges of 0.9 and 2.6% at 538°C is shown in Figure 12,
Two tests of the zirconium-copper, R-2, alloy (see NASA CR-121260
for composition and supporting data) were also performed (see Table 4)
at a strain range of 2.6% and a strain rate of 5.2 x 10~2 sec-] and
these data points are shown in Figure 12 for comparison with the R-24
results. It is interesting that the R-24 data at 2 strain range of
2.6% suggest a definite saturation effect in both the high and low
strain rate regimes. This Is completely consistent with the behavior
pattern to be expected based on the concept of strainrange
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Teble 3 - Low-Cycle Faticue Test Results Obtained in Arpon at 538°C for Strain Hates
of L x 10°% ana 1 x 1072 sec~l,

" Axial Strain Control
A=2l Series . . PR
Narloy 2 (ecent. cast, hot-rolled, solution £ = ratio of infinity

annealed snd ared) B - 98,6 x 10° HN/n°
Total Stress at Ne/2 _ |
Spec., [Poisson's| Strain | Freq. |Range L NS,cycles
Range, at : AL
Ne. Ratio Start, ‘Aé% e “r Cyc}es °e (see text for
# cpm | My /m® % % MN /m© | Failure definition)
1 } 10° ch-l (SGP Note |(A)
2-24-211 0.34 0.9 33.3 276 0.641 | 0.259]| 255 3,586 3350
A-24-23 0.34 2.6 11.5L 310 2.272 0.328 325 339 300
f=24-26] 0.34 2.6 11.54 | 314 | 2.272 | 0.328] 325 36l 310
L 3 iO-h spe1 (slee Note|B) |
1=2l1=20 0.34 0.9 1.33 265 0.69 0.21 207 1,138 980
N=2l=25 0.3 0.9 1.33 255 0.69 0.21 207 1,196 1010
=242 0.34 2.6 o.L6 | 276 2.348 { 0.252| 248 154 115
=227 0.34 2.6 0.46 269 2.359 0.241 238 133 115
A} 21 specimenp exhibitled 2 slicht inifial cyflic harfgening followed by dyclic softening
B) alll specimenk exhibitled cyclilec softehing

A



Tzble | - Low-Jycle Faticue lesults Obtained_in Argon at 53803 Usine a Strain :late of

5.2 x 10'2 see™t

A=

LI AE)

NG

(zirconim

G-2l (Narley Z) alloy

i=copper, 1/2 Hard) 21loy

Axial Strain Control

A-ratio of infinity

Total Stress at Np/2 :
Spec. [|Poisson's| Strain | Freq. |Range No o
No. Ratio Range, S:zrt ZXE:, A€, AT Cycles to H;s cycles
% cpm HN/mz, ¢ % MN/mz Failure {see text)
R=2l alioy; = | 98,6 A 103 Mmifm®
2a2l-29 0.34 2.6 60 372 2.22 | 0.38 372 L7y ® -
G=2l-30 0.3l 2.6 60 37k 2.22 { 0.38 37k 5882 570
-2 allloy; B | 80.7 x 103 i/
=2l 0.35 2.6 |. 60 303 [ 2.38 | 0.22 | 179 | 3,132° 3000
1e 2275 0.3% 2.6 60 262 | 2.30 | o.21 | 167 | 3,u480° 3350

a) stnble

b) eyelie softening

‘8z -



Total axial strain range, %
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Figure 11 - Effect of strain rate on fatigue life of R-24 alloy

tested in argon at 538°C
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partitioning (see S. S. Manson, "The Challenge to Unify Treatment
of High Temperature Fatigue--A Partisan Proposal Based on Strain-
range Partitioning", ASTM STP-520, 1973, p. 744-755). Similar
trends are suggested in the higher strain rate regime for the R-24
allgyegt 0.9% and in the lower strain rate regime for the R-2 alloy
at 2.6%.

The Ng to Nf relation for the data in Tables 3 and 4
appears to be very similar to that observed in Figure 8. Almost the
same conclusion can be stated for the relation between N; and Nf
since the cusp formation in the hysteresis loops was noted in the
region close to half-life for all the testg except those in which.
the strain rates were greater than 2 'x 10°3 sec™!. In these higher
strain rate tests the cusp formation appeared much later than
half-1ife. This observation must be viewed as only tentative, how-
ever, until this phenomenon can be studied in more detail. It is
felt, for example, that the response characteristics of the x-y
recorder might not be fast enough in these higher strain rate tests
to allow the earliest detection of the cusp.

3) Temperature Effects at a Strain Rate of 2 x 103 sec-|

A summary of the test results obtained at 482° and §93°C

is presented in Table 5. These data points are shown in Figure 13
and are compared to the curve for 5389C from Figure 8b. It is noted
that in the higher strain range regime, littie to no temperature
effect is apparent but as the strain range is decreased to 0,90
percent a very definite temperature effect begins to appear. A
factor of about 2 to | in fatigue life is observed at this lower
strain range as the temperature is decreased from 5930 to 4820C.

4) Hold-Time Effects at 5380C

The effect of a 300-second hold period on the fatigue
life of the R-24 alloy was evaluated at 538°C for two different
strain ranges. A summary of the test results obtained is pre-
sented in Tables 6 and 7 and is seen to include information relating
to a hold period in tension only and a hold period in compress lon
only. A logarithmic plot of fatigue life as a function of total
strain range for these hold-time tests is presented in Figure 14
to allow a comparison to be made with continuous cycling results.
it is clear that hold periods in tension have a very detrimental
effect on fatiqgue life at this temperature and that the effect
seems to increase as the strain range is decreased. Hold periods
in compression, on the other hand, do not appear to have any detri-
mental effect on the fatigue life. As a matter of fact, hold periods
in compression in these tests led to fatigue life values which were
just slightly greater than those observed in the continuously
cycling evaluations. Again, this behavior is completely consistent
with the pattern to be expected based on the concept of strainrange
partitioning.

An evaluation of the Ng to Ng relation in Table 6 in-
dicates about the same ratio as obtained for the continuous cycling



Peble §- Low-J ycle Fotisue Test :lesults Cbtained in aArgon at 182° and 593° Using =a

Strain lcte of 2 x 1072 sec';
1=2l Series 4xial 3train Control
Tarley 2 (cent, cnst, hot-rolled, : ' 4 = ratic of infinity

solution snne~led and aged)

Total Stress at Np/2
Spec. |[Poisson's | Strain | Freq. |Range Nf s NS’ cycles
No. Ratio Range, Szzrt Aﬁléan ACXEEJ pat/m Cycles to (see text)
4 cpn MN /ma ’ % % MN /m2 Failure

fe2y-33 | 0.335 0.90 6.67 221 0.69 | 0.21 | 200 1253 1150
R=24=34 | 0.335 | 2.6 2.3 241 2.36 | 0.24 | 228 191 165

482°23 E o 10545 x 107 1 /m®
Ne2l=31| 0.347 0.90 6,67 321 0.63 | 0.27 | 283 2950 2,750
R=-2=32| 0.335 2.6 2.3 357 2.28 | 0.32 | 33l 2h3 195

A7



Total axial strain range,¥

10

1.0

A - 593°C
O — 4829¢

1 1 L | I 1 i 1
100 1000 10, 000
N¢» cycles to failure
Figure 13 - Effect of temperature on the fatigue 1ife 05 R-24 alloy
tested in argon at a strain rate of 2 x 10° sec-!,
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Table 6 - Low-Cycle Paticuse desults Obtained in Hold-Time Tests in irgon at 53892

Usins a Zamp Strain iate of 2 x 10" 3sec™!

1=2l. Series

¥arloy Z (cent. cast, hot-rolled, solution
snnezsled and aced)

Axizl Strain Control

A - ratic of infinity

5. 98.6 x 109 MN/mS

Total Cycling Data N N
] 2 51
Spec. Poisson's| Strain 3 1es
. ‘ypd . Samp R cycles to | °V° R
Ho. aatio dange, Time, Hold Time, (see Aemarks
o sec, sec, failure text)
3-2&—39 0.33 - 2.6 26 300, Tension 102 80
2-2l-40 0.3k 2.6 26 300, Tension 75 55
Q=2heli1 0.34 2.6 26 300, Compression 353 290 slight
initial
A2 =112 0.335 2.6 26 300, Compression 337 280 hardening
. fellowed by
T=2l-38 0.33 0.390 9 300, Tension 262 205 softening
A-20-37 0.3k 0.90 & 300, Tension 317 252
2=2h-t3 0.335 0.90 Q 300, Compression {2,981 2350
A=2l-li 5 0.335 .70 300, Compressicn [3,392 2750 +

"he



Jgble 7 - Low-Cycle Fatirue Tesults Obtcined in Hold-Time Tests in Arpon ot 53803
Tsine o fenp Strein Rate of 2 x 1073 sec b
-2l Series “zial 3train Jontrol
Taricy 2 (ecent, cest, hot-rolled, solution i - osblo ofzénfénigy
cmmerled znd =red) E = 98.6 x 107 iii/m
Stress at Ka./2
. ﬁinfe . E%—
Q?:c ) SEZrt R A o Ot—'- 0: G;.- .'-.mountl of AE ¥ AE-:«—'
. :”fmz > 2 2 2 ?eigiffs £ e
ME/me 1/ 1 BN /m Ae.Laxa P p
i 752 & ”
=20-3 303 267 124 13 g 79T 2,41 0.19
1 2ly-h0 307 271 128 143 52T 76T 2.40 0.20
T=2lp=lyd 307 265 127 138 sL 84 2.42 0,18
T2l =2 302 2EE 128 137 52¢ 850 2.2 0.18
-7lha30 272 232 110 122 go7 60T C.73 0.17
-2-37 260 227 110 117 46T olT 0.73 0.17
1= 2lyly3 272 210 105 105 33¢ 728 0,76 0.14
=2l =5 272 214 103 111 360 757 0.76 0.14

v M
w4

for tensicon and ¢ for coupression; 4 Based on relaxed stress rance

11



Total axial strain range, %
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tests, It was noted again, however, that the cusp formation occurred
before the Ng point. |t was also observed in these hold-time tests
that a crack could be identified visibly even before cusp formation
was observed,

5) Relaxation Behavior

For each hold-time test the continuous load-time record
provided a relaxation curve for each hold period. A typical cycle
near half-life was selected from each hold-time tests and load-
time combinations were chosen at various intervals throughout the
hold period to define the relaxation curves presented in Figures 15
through 20. These curves along with the Rg data in Table ] en-
able some comparison to be made of the relaxation behavior exhibited
in the several different tests performed in this program. Actually
no large differences in relaxation characteristics are in evidence
and the difference between tension and compression relaxation appears
slight.

It can be noted that the relaxation behavior exhibited
in duplicate tests defines essentially identical results (the relaxa-
tion curves at half-life for R-24~4] and R-24-42 were identical and
are shown as such in Figure 16). It can also be noted that the
Rg- values for the R-24-4] and R-24-42 tests are slightly higher
than those observed in the R-24-39 and R-24-40 tests but this
appears reasonable in view of the higher initial stress levels in
the -41 and -42 tests. A similar data trend is also observed in the
Rg- values for the tests at a strain range of 0.90% even though the
initial stress levels are about the same in both the tension-hold
and compression-hold tests. There is no explanation for this be-
havior pattern at this time but the relatively long duration of the
compress ion-hold tests at the 0.90X strain range might have some
bearing oa this phenomenon. When all the relaxation curves in the
Table tests were compared at the tenth cycle of the test it was
noted that the behavior patterns at the same strain range were very
similar for thke compression and tension hold periods.
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VIi- CONCLUSIONS

This report presents a detailed summary of the test
results obtained in an evaluation of the short-term tensile and
low-cycle fatigue behavior of the copper-base alloy, Nar!oy Z
( an alloy developed by North American Rockwell for possible
application as a reusable rocket nozzle liner material). This
material was tested in the centrifugally cast, hot-rolled,
solution annealed and aged condition with all the room temperature
evaluations performed in air and the elevated temperature tests
performed in high purity argon.

: Short-term tensile tests performed at room temgerathe-
482°, 5389 and 593°C using an axial strain rate of 2x10°2 sec
revealed ultimate aBd yie?d strength values at room temperature
of 315 and 200 MN/m¢ respectively which gradually decreased to
120 and 105 MN/ respectively as the temperature increased to
5939C, Over this same temperature regime the reduction in area
values ranged from about 50 percent at room temperature and
482°C to a value of about 4| percent at 538°C and to a value-u
of about, 46 pefcent at £5939C, Strain rates ranging from 4x10
to 1x10°2 sec”! seemed to have very little effegt on ultimate
and yield strength at a test temperature of 538YC but led to an
increase in reduction in area values from about 35 to 50 percent
as the strain rate was increased,

Axial strain-controlled low-cycle fatigue tests of
the R-24 allor'were performed in argon at 538°C and a strain rate
of 2x10°3 sec”! to define the cyclic life over the range from
100 to 3000 cycles. In addition to reporting the number of cyles
to failure for each test a value of Ng, the number of cycles to
a 5 percent reduction in tensile load " below the steady state
value, was identified. The ratio of Ng to N¢ was close to 0.82
over the entire strain range studied, :

o Other fatigue tests of the R-24 alloy were performed
at 538°C to evaluate strain rate effects at strain ranges of
0.90 and 2.6 percent. It was found that the fatigue life shgwed
a definite tendency Eoward saturation at both the low(4x10” Ysec-!)
and the high(5.2x10"% sec™!) strain rate.

The effect of temperature on the fatigue life of the
R-24 alloy was evaluated at strain ranges of 0.90 and 2.6 percent
over the temperature range from 482° to 5939C, Little to no
temperature effect was observed at the higher strain range but
the fatigue life increased by a factor of about 2.0 at a strain

Lgng% of 0.90 percent as the temperature decreased from 593° to
2°C. :
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o. .Hold period durations of 300 seconds were emplioyed
at 5387C in tests at strain ranges of 0,90 and 2.6 percent, Hold
periods in only the tension portion of the cycle were found
to be very detrimental and led to substantial reductions in the
fatigue. Hold periods in compression only were not found to
be detrimental at all and yielded fatigue life values that
were slightly greater than those observed in continuously
cycling tests at the same temperature and strain range.

Relaxat ion behavior observed during the hold periods
was found to be essentially the same in tension and compression.
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